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SUMMARY

The KCNT1 gene encodes the sodium-activated potassium channel Slack (KCNT1, KNa1.1), a 

regulator of neuronal excitability. Gain-of-function mutations in humans cause cortical network 

hyperexcitability, seizures, and severe intellectual disability. Using a mouse model expressing 

the Slack-R455H mutation, we find that Na+-dependent K+ (KNa) and voltage-dependent sodium 

(NaV) currents are increased in both excitatory and inhibitory cortical neurons. These increased 

currents, however, enhance the firing of excitability neurons but suppress that of inhibitory 

neurons. We further show that the expression of NaV channel subunits, particularly that of NaV1.6, 

is upregulated and that the length of the axon initial segment and of axonal NaV immunostaining 

is increased in both neuron types. Our study on the coordinate regulation of KNa currents and the 

expression of NaV channels may provide an avenue for understanding and treating epilepsies and 

other neurological disorders.

In brief

Wu et al. show that increased potassium and sodium currents lead to hyperexcitability in excitatory 

neurons while suppressing excitability in inhibitory interneurons in a childhood epilepsy mouse 

model caused by a Slack gain-of-function mutation. Unlike in heterologous systems, this mutation 

significantly alters sodium channel expression, elongating axonal initial segments.
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Graphical Abstract

INTRODUCTION

Epilepsy and intellectual disability (ID) are common neurological disorders, with an 

approximate prevalence of 0.3–2%.1 Autosomal dominant pathogenic variants in the gene 

encoding the Na+-activated K+ (KNa) channel Slack (KCNT1, KNa1.1) have emerged as an 

important cause of epilepsy and ID with a wide phenotypic spectrum, including epilepsy of 

infancy with migrating focal seizures (EIMFS) and autosomal dominant nocturnal frontal 

lobe epilepsy.2,3 These variants have been shown to increase peak potassium current 

magnitude and produce gain of function (GOF), leading to network hyperexcitability and 

seizures.2–5 The underlying molecular mechanisms have, however, yet to be determined.

Slack channels are highly expressed in the nervous system, including the olfactory bulb, 

cortex, hippocampus, thalamus, midbrain, cerebellum, and brainstem.6,7 The Slack channel 

has two isoforms, Slack-A and Slack-B, which differ only at their N-terminal cytoplasmic 

domain.8 Within the cortex, Slack-B, a major splice isoform, is predominantly expressed in 

the frontal cortex,7 whereas Slack-A is expressed at higher levels throughout the cortex.8 

Moreover, mRNA for Slack is found in neurons throughout the cortex. Slack channels 

play crucial roles in regulating the intrinsic excitability of neurons in multiple ways. In 

physiological conditions, the KNa currents mediated by Slack channels can reduce neuronal 

excitability by activating in response to small depolarizations at the resting membrane 
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potential9,10 or increase excitability by activating rapidly during an action potential (AP), 

which speeds up AP repolarization, thereby limiting Na channel inactivation and causing a 

higher AP firing frequency.5,11–14 The effect of a Slack variant on the patterns of excitability 

of a specific cell therefore depends on which of these two effects take place.

Cortical networks are composed of two primary types of neurons: glutamatergic excitatory 

pyramidal neurons and GABAergic inhibitory interneurons, which work together to 

regulate many processes, including tuning the overall network excitability of the brain.15,16 

Epilepsy has been causally linked to altered excitation/inhibition neuronal balance. 

Enhanced excitation in excitatory neurons and/or inhibition in inhibitory interneurons 

results in hyperactivity of the epileptic circuitry.17,18 Two recent studies have shown that 

excitability and AP generation of inhibitory interneurons, but not excitatory neurons, were 

impaired by Slack GOF variants, leading to the loss of inhibitory regulation and seizure 

susceptibility,13,14 suggesting that Slack GOF variants may have different effects on the 

excitability of the two specific neuron types. In contrast to the situation in humans, where 

a mutation in a single copy of the Slack (Kcnt1) gene results in serious disease, the mouse 

models used in these studies were homozygous for the channel mutations.

We have generated and characterized a mouse model of EIMFS that bears the Slack-R455H 
mutation (R474H in human numbering).19 Previous work has demonstrated that this variant 

produces greatly increased KNa current, together with a shift in voltage dependence to 

negative potentials when expressed in heterologous cells.3,4 Mice bearing a homozygous 

Slack-R455H mutation are stillborn, but the heterozygotes survive. These heterozygote 

Slack+/R455H animals, however, have persistent interictal spikes, spontaneous seizures, and 

an increased susceptibility to pentylenetetrazole-induced seizures,19 matching the condition 

for human EIMFS. In the present study, we tested whether the Slack-R455H GOF variant 

leads to network hyperexcitability and produces early-onset seizures by enhancing excitation 

in excitatory neurons or suppressing excitability in inhibitory interneurons. We determined 

that the Slack-R455H mutation results in increased KNa and Na+ currents in both cell types, 

with opposite effects on the excitability of the two neuron types, and that these enhanced 

currents are coupled to increased expression of NaV channels and axon initial segment (AIS) 

length. Our study provides insight into the pathogenesis of epilepsies and associated ID 

in patients with Slack GOF mutations and may lead to methods and targets for treating 

neurodevelopmental diseases and other neurological disorders.

RESULTS

Slack channels are expressed in cortical excitatory glutamatergic and inhibitory 
GABAergic neurons

To understand the mechanisms and consequences of Slack GOF mutations in the neuronal 

excitability of specific cell types, we generated a mouse model of Slack-associated EIMFS 

with the Slack-R455H missense mutation in exon 15 that lies within a regulator of potassium 

conductance domain of the Slack channel, as described previously19 (Figure S1A). For 

some experiments, the Slack+/R455H mouse line was crossed with a GAD67-GFP mouse line 

that selectively expresses EGFP in the parvalbumin-expressing interneurons for identifying 

and targeting these GABAergic neurons. Under epifluorescence microscopy, the green 
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fluorescence of interneurons can be readily detected in cultured cortical neurons on days 

in vitro (DIV) 14 and in the cerebral cortex of 2-month-old mice (Figure S1A).

We first carried out immunolocalization to examine the expression of Slack channels 

in cultured cortical neurons. Co-staining with antibodies against GluR1 and GAD67, 

biomarkers for glutamatergic and GABAergic neurons, respectively, we observed that Slack 

channels are highly expressed in both glutamatergic and GABAergic neurons (Figure 1A). 

Slack channels are expressed at the cell body and dendrites of the neurons, as indicated 

by its colocalization with microtubule-associated protein 2 (MAP2), a dendritic marker 

(Figure 1A). Moreover, the morphological features of the glutamatergic and GABAergic 

neurons in primary culture are different. Consistent with previous studies,20–22 GluR1+ 

cultured neurons have a bulbous, triangular cell body with prominent proximal dendrites and 

an apical dendrite arising from the apex of the cell body, whereas GAD67+ interneurons 

have a fusiform soma with a bipolar morphology (Figure 1A). We also carried out 

immunolocalization experiments on the cerebral cortex of intact mouse brains. Using 

two previously validated anti-Slack cytoplasmic, C-terminal antibodies,14,23 we identified 

channel expression in cell bodies in layers II–V of the frontal cortex but not in the somata of 

cells of layer I (Figures 1B and S1B), and observed colocalization with GluR1 and GAD67 

expression within the frontal cortex (Figure 1C). In the intact brain, the expression pattern 

appears slightly different from that of the cultured cells in that Slack channels have higher 

expression levels at the soma, with a partial expression extending to the somatodendritic 

region and the proximal AIS of the cells (Figures 1B and S1B).

To test whether the Slack-R455H variant alters the expression of markers for glutamatergic 

and GABAergic neurons, we measured the protein levels of Slack, GluR1, and GAD67 in 

the cultured cortical neurons and cerebral cortex from wild-type (WT) and Slack-R455H 
mutant mice by western blotting analysis. Protein lysates of cortical neurons obtained 

from WT, Slack+/R455H, or SlackR455H/R455H littermates (the homozygotes do not survive 

birth, but cultured neurons from embryos are viable) on DIV 14 showed that there are no 

significant differences in protein levels of Slack, GluR1, and GAD67 among these cultures 

(Figure 1D). Similarly, protein levels of Slack, GluR1, and GAD67 in the cerebral cortices 

obtained from 2-month-old WT and Slack+/R455H mice also show no differences (Figure 

1E), suggesting that the Slack-R455H mutation does not grossly alter the expression of 

markers for glutamatergic and GABAergic neurons.

KNa currents and voltage-dependent Na currents (INa and INaP) are increased by the Slack-
R455H mutation in both glutamatergic and GABAergic neurons

Disease-causing mutations in Slack have been shown to cause remarkable increases in 

KNa currents in heterologous cells, with no change in the levels of Slack protein in the 

plasma membrane.3,4 To determine whether KNa currents are increased by the Slack-R455H 
mutation in specific types of neurons, we performed whole-cell voltage recordings of 

cortical neurons obtained from WT, Slack+/R455H, or SlackR455H/R455H embryos (embryonic 

days [E]16–17) at DIV 13–14. In comparison to other studies using cultures from littermates 

at postnatal days 0–1 (P0–1),13 the neurons in the present investigation are indicative of 

an earlier developmental stage,26,27 aligning with the conditions for human EIMFS, which 
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manifests at an early developmental age. The recorded cortical neurons were classified as 

glutamatergic, fast-spiking (FS)-GABAergic, or non-FS (NFS)-GABAergic based on several 

criteria, including (1) green fluorescent label in GABAergic interneurons (Figure S1A), 

(2) morphology,20–22 (3) postimmunolabeling for GluR1 and GAD67 (Figure 1A), and 

(4) firing patterns.13,28 To isolate the KNa currents, whole-cell voltage recordings were 

performed using physiological extracellular medium with 140 mM Na+ ions and with 

N-methyl-D-glucamine substituted for Na+. The traces obtained without Na+ were then 

subtracted from the traces obtained in the external Na+ medium.5

We observed that KNa currents in both glutamatergic and GABAergic neurons are markedly 

increased by the Slack-R455H mutation (Figures 2A–2C) and that the peak KNa density 

is increased by as much as 2- to 4-fold in heterozygous neurons and 4- to 6-fold in 

homozygous neurons over that in WT neurons (Figure 2D). Because sodium entry through 

voltage-dependent Na channels is a major contributor to KNa currents,13,29–31 we applied 

the Na channel blocker tetrodotoxin (TTX) in independent experiments and compared the 

reduction of K+ currents in the different genotypes. After subtracting the traces obtained 

with TTX from those without TTX, we observed that TTX-sensitive K+ currents in the 

neurons expressing Slack-R455H mutation are larger than in WT neurons (Figures S1C 

and S1D). The difference current is increased by the Slack-R455H mutation by as much as 

3-fold in homozygous neurons and 2-fold in heterozygous neurons over that in WT neurons 

(Figure S1E).

We also observed that the characteristics of the increase in KNa current induced by 

the Slack-R455H mutation are different in glutamatergic and GABAergic neurons. In 

glutamatergic neurons, significant increases in KNa current only occur in response to 

depolarization to positive membrane potentials, between +20 and +50 mV in heterozygous 

neurons and between 0 and +50 mV in homozygous neurons (Figure 2A). In contrast, 

significant increases in KNa current in FS-GABAergic neurons occur in response to more 

negative voltage steps, to between −10 and +50 mV in heterozygous neurons and between 

−30 and +50 mV in homozygous neurons (Figure 2B). In the other class of interneurons, 

NFS-GABAergic neurons, KNa currents are also increased at more negative potentials, 

between 0 and +50 mV in heterozygous neurons and between −20 and +50 mV in 

homozygous neurons (Figure 2C). Overall, the voltage-clamp recording results suggested 

that although the Slack-R455H mutation increases KNa currents in all neuron types, 

increased KNa currents at subthreshold voltages occur selectively in GABAergic neurons.

A surprising result was that in addition to increased peak KNa current density (Figure 

2D), we found that peak transient Na+ current (INa) density is increased in all neuron 

types expressing the Slack-R455H mutation, by 2-fold in heterozygous neurons, and by 

3-fold in homozygous neurons over that in WT neurons (Figure 2E). Previous studies 

demonstrated that the activation of KNa channels can also be functionally coupled with 

Na influx through the persistent Na+ current (INaP).32,33 To further determine whether the 

Slack-R455H mutation also leads to an increase in INaP, we carried out voltage-clamp 

recording using slow (30 mV/s) depolarizing voltage ramps ranging from −80 to 10 mV. 

These measurements were carried out under conditions in which K+ and Ca2+ conductances 

were blocked pharmacologically. Current-voltage curves for INaP were obtained from the 
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differences between current amplitude before and after application of TTX (0.5 μM) 

(Figures 2F and 2I). We observed that the Slack-R455H mutation induces a significant 

increase in INaP in both glutamatergic neurons and GABAergic neurons. In glutamatergic 

neurons, significant increases occur between −35 and 0 mV in heterozygous neurons and 

between −40 and +5 mV in homozygous neurons (Figure 2G), whereas in GABAergic 

neurons, significant increases occur between −30 and 0 mV in heterozygous neurons and 

between −35 and +10 mV in homozygous neurons (Figure 2J). In addition, the INaP current 

density measured at the peak is significantly higher in Slack-R455H mutation neurons 

compared to WT neurons (Figures 2H and 2K). Overall, however, the increases in INaP are 

smaller than the corresponding increase in peak INa current (for glutamatergic neurons in 

homozygotes, increases in current densities are 1.763-fold for INaP vs. 3.074-fold for INa 

[n = 10–15 neurons, p = 0.0039, Student’s t test]; for GABAergic neurons, increases are 

1.795-fold for INaP density vs. 3.378-fold for peak INa [n = 10–27 neurons, p = 0.0013, 

Student’s t test]). Collectively, the results indicate that not only KNa currents but also Na+ 

currents in cortical neurons are altered by the Slack-R455H mutation.

The Slack-R455H mutation enhances the excitability of excitatory neurons but suppresses 
inhibitory interneurons

To investigate further the effects of the Slack-R455H mutation GOF on the excitability 

of specific neuron types, we carried out whole-cell current clamp recordings on cortical 

neurons from WT, Slack+/R455H, or SlackR455H/R455H embryos at DIV 13–14. The 

electrophysiological properties of neurons were determined by injecting 200-ms square 

current pulses incrementing in 20 pA steps, starting at −20 pA. In addition, to compare the 

maximum number of APs that could be evoked, longer (1.5 s) current pulses in 20 pA steps 

were injected until the number of APs per stimulus reached a plateau.

We compared the firing properties of glutamatergic neurons from different genotypes. We 

observed that AP half-width is decreased and afterhyperpolarization (AHP) is increased in 

the neurons expressing Slack-R455H mutation when compared with WT neurons (Figures 

3A, 3C, and 3D). However, rheobase, input resistance, and resting membrane potential 

show no significant differences among all three genotypes (Figures 3E, 3F, and S2A). 

Other electrophysiological parameters, including AP amplitude, AP depolarization rate, 

and AP repolarization rate, are increased by the Slack-R455H variant in glutamatergic 

neurons (Figures 3B, S2C, and S2D). Furthermore, the frequency of APs evoked by 1.5-s 

depolarizing currents is greatly increased in the Slack-R455H mutant neurons relative to 

that of WT neurons (Figures 3G and 3H). Significant increases in AP frequency occur in 

response to depolarizing currents between 240 and 260 pA in heterozygous neurons and 

between 160 and 280 pA in homozygous neurons (Figure 3H). In addition, the maximum 

firing rate that can be evoked in SlackR455H/R455H neurons is twice that in WT neurons, 

whereas Slack+/R455H neurons are capable of firing at a rate 1.5-fold over that in WT 

neurons (Figure 3I).

We next compared the firing properties of GABAergic neurons from the different genotypes. 

In contrast to glutamatergic neurons, there are no changes in AP half-width or AHP in 

FS-GABAergic neurons among all three genotypes (Figures 4A, 4C, and 4D). The input 
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resistance is, however, decreased, whereas the rheobase is increased in both the Slack+/R455H 

heterozygous and SlackR455H/R455H homozygous neurons when compared with WT neurons 

(Figures 4E and 4F). Moreover, these neurons have a more hyperpolarized resting membrane 

potential and AP threshold (Figures S2E and S2F). Again, in contrast to the excitatory 

neurons, the frequency of APs evoked by 1.5-s depolarizing currents is decreased in the 

Slack-R455H mutant neurons relative to that of WT neurons (Figures 4G–4I). Significant 

decreases in AP frequency occur in response to depolarizing currents between 180 and 

200 pA and between 360 and 400 pA in heterozygous neurons, and between 180 and 

260 pA and 340 and 400 pA in homozygous neurons (Figure 4H). The other class of 

inhibitory neurons, the NFS-GABAergic neurons expressing Slack-R455H mutation, also 

show similar alterations in rheobase, input resistance, resting membrane potential, AP 

threshold, and firing rate to those of the FS-GABAergic neurons (Figures 4N–4R, S2I, 

and S2J). In addition, several other parameters, including AP amplitude, AP half-width, and 

AP depolarization rate, show changes in the opposite direction to those in the glutamatergic 

neurons (Figures 4K, 4L, and S2K).

Overall, the current-clamp recording results indicate that the Slack-R455H mutation 

enhances the excitability of excitatory neurons but suppress that of inhibitory interneurons.

The Slack-R455H mutation upregulates the expression of NaV channel subunits

To investigate the mechanism underlying the increased Na currents in neurons from mice 

bearing the Slack-R455H mutation, we measured protein levels of NaV1.1, NaV1.2, and 

NaV1.6, three major Na channel isoforms in the CNS, in cultured cortical neurons and 

cerebral cortex. Western blotting analysis of cell lysates from DIV 14 cortical neurons 

showed that protein levels of NaV1.1, NaV1.2, and NaV1.6 are upregulated in the Slack+/

R455H heterozygous neurons and SlackR455H/R455H homozygous neurons when compared 

with WT neurons (Figure 5A). In the cerebral cortex of 2-month-old Slack+/R455H mice, 

only the NaV1.6 subunit level is significantly upregulated (Figure 5B). These results suggest 

that the upregulation of NaV subunits in the Slack-R455H mutant neurons contributes, at 

least in part, to the increased Na+ and KNa currents.

The Slack-R455H mutation alters the length of the AIS in both glutamatergic and 
GABAergic neurons

The increase in the expression of NaV subunits and Na+ currents induced by the 

Slack-R455H mutation may be expected to be reflected in the morphology of the AIS. 

Before quantifying changes in axonal morphology, we carried out coimmunolocalization 

experiments to localize Slack channels and NaV channel isoforms in vitro and in vivo. 

The AIS and dendrites were identified using antibodies against ankyrin G (AnkG) and 

MAP2, respectively. In DIV 14 cultures, NaV1.1 colocalizes with Slack in the AIS as well 

as the soma and dendrites of both glutamatergic and GABAergic neurons (Figure S3A). 

Consistent with previous reports,34–37 NaV1.2 and NaV1.6 subunits are highly enriched at 

the AIS of glutamatergic and GABAergic neurons, where colocalization with Slack channels 

is detected (Figures 6A and S3B). In the frontal cortex of 2-month-old mice, NaV1.1 and 

NaV1.2 localize to the AIS of GABAergic interneurons (Figure S4A) or glutamatergic 

pyramidal neurons (Figure S4B), respectively, whereas NaV1.6 is in the AIS of both cell 
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types (Figure 6B), consistent with previous reports.36,37 Using a previously validated anti-

Slack cytoplasmic C terminus antibody, we found that Slack staining is highly expressed at 

the soma of cerebral cortical cells (Figure 6B), although in some cases, the channels are also 

present at the somatodendritic region and the proximal AIS (Figures 1B, 6B, and S4C).

To quantify the dimensions of the AIS, we first measured the length of AnkG 

immunostaining as well as the diameter of the AIS in primary cortical neurons obtained 

from WT and mutant mice. In DIV 14 cultures of frontal cortex (Figures 7A and 7B), 

in which NaV1.2 and NaV1.6 channels are abundant at the AIS, we observed that the 

AIS length is significantly increased in both excitatory and inhibitory neurons expressing 

Slack-R455H mutant channels when compared to that of neurons with WT channels (Figure 

7D). We found no significant differences, however, in the AIS length or diameter between 

glutamatergic and GABAergic neurons (Figures 7D and 7E).

We also made similar measurements in layer II/III of the frontal cortices of 2-month-old 

mice (Figures 7A, 7C, and S4D). As in the cultured cells, we found that the length of 

the AIS is significantly increased in both pyramidal cells and inhibitory interneurons of 

mice expressing the heterozygous Slack-R455H mutation (Figures 7G and S4E). Although 

no significant difference in AIS length is observed when comparing pyramidal cells and 

inhibitory interneurons, the AIS diameter is larger in glutamatergic pyramidal cells than in 

inhibitory neurons (Figures 7G, 7H, and S4E).

To complement these results, we also examined the expression of MAP2 and AnkG proteins 

in neuronal cultures and cerebral cortex from WT and Slack-R455H mutant mice by western 

blotting analysis. We found that levels of AnkG protein are increased, whereas MAP2 levels 

are not altered in protein lysates from Slack-R455H mutant cultures (Figure 7J) or cerebral 

cortex (Figure 7K) when compared to WT cultures or animals, which is consistent with 

the findings in the immunostaining experiments. Taken together, these results suggest that 

the increased expression of Na channels in the Slack-R455H mutation is accommodated by 

increases in the length of the AIS in both glutamatergic and GABAergic neurons.

Proximity of the AIS to the soma is different in glutamatergic neurons and GABAergic 
neurons

Because KNa channels are highly expressed at the soma and proximal regions of both 

excitatory and inhibitory neurons, one factor that could influence their activation, and 

potentially be altered by mutations, is their proximity to sites of Na+ influx, including 

NaV channels in the AIS. To evaluate this possibility, we analyzed the relative distance 

between the soma and the AIS in WT and mutant mice (gap length). In DIV 14 cultures, 

we observed that the distance between the soma and the AIS is significantly longer in 

GABAergic neurons than in glutamatergic neurons, but that this is not altered significantly 

by the Slack-R455H mutation in either cell type (Figure 7F). Similar findings were also 

observed in the cerebral cortices of 2-month-old mice, in which the distance of the AIS 

from the soma (defined as the distance between the soma and beginning of immunostaining 

against NaV1.6; Figure 7I) is longer in inhibitory neurons than in glutamatergic pyramidal 

cells but is not affected by the Slack-R455H mutation.

Wu et al. Page 8

Cell Rep. Author manuscript; available in PMC 2024 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Slack does not coimmunoprecipitate with NaV subunits

Rapid local activation of KNa channels could also occur if the channel subunits form a 

molecular complex with sources of Na+ influx. To test for a direct interaction of Slack 

channel with NaV subunits, we immunoprecipitated Slack channels from mouse cerebral 

cortex and tested for coimmunoprecipitation of NaV1.1, NaV1.2, and NaV1.6 antibodies by 

western blotting. Previous studies have shown that the C-terminal domain of Slack channels 

interacts with a protein network including FMRP (fragile X mental retardation protein), 

CYFIP1 (cytoplasmic FMRP-interacting protein 1), and Phactr-1 (phosphatase and actin 

regulator 1).38–40 Using FMRP and PP1 (protein phosphatase 1, binding protein of Phactr-1) 

as positive controls, we found that FMRP and PP1 can be readily precipitated by Slack in 

mouse cortex. Nevertheless, NaV1.1, NaV1.2, and NaV1.6 could not be detected in the Slack 

immunoprecipitate (Figure 7L), suggesting that Slack channels do not interact directly with 

NaV1.1, NaV1.2, or NaV1.6 subunits in mouse cortex.

DISCUSSION

We have found that both excitatory and inhibitory neurons of the cerebral cortex of animals 

expressing a disease-causing mutation in the Slack potassium channel have increased KNa 

currents and voltage-dependent Na+ current. Although the GOF Slack mutation does not 

alter levels of Slack protein either in cultures of cortical neurons or in cerebral cortices of 

mutant animals, it substantially increases levels of the Na channel subunit NaV1.6 and in 

the neuronal cultures of NaV1.1 and NaV1.2. The mutation-induced increase in Na channels 

is associated with longer axonal initial segments and with enhanced expression of AnkG, a 

key scaffold protein of the AIS. A similar increase in NaV1.6 staining at the AIS, coupled to 

increased excitability of pyramidal neurons, has been found in a rat model of temporal lobe 

epilepsy.41

Previous studies have demonstrated that disease-causing mutations in the Slack channel, 

particularly the EIMFS mutation Slack-R455H, markedly increases K+ current in 

heterologous cells, with no change in the levels of Slack protein in the plasma membrane 

or RNA stability of the channel.3,4 Heterologous systems, however, provide very limited 

information on the impact of these variants on neuronal physiology and network excitability 

and cannot address the cellular background, variety, and subcellular specializations of 

neurons.42 The present study has provided direct evidence that cortical neurons expressing 

the Slack-R455H mutation have increased peak KNa current amplitudes, by as much as 2- 

to 4-fold in heterozygous neurons and 4- to 6-fold in homozygous neurons over that in WT 

neurons. The present study also showed that the total level of Slack protein is unaltered in 

Slack-R455H cortical neurons, consistent with a previous study demonstrating that another 

Slack GOF mutation does not alter the level of Slack in membrane protein fractions isolated 

from mouse cortex.13 It has also shown, however, that in neurons, mutation of the channel 

produces cellular effects beyond a simple increase in potassium current.

Work with heterologous expression systems has revealed some of the diverse factors that 

contribute to the increased K+ current in different Slack GOF mutations. These factors 

include enhanced Na+ sensitivity, increased channel open probability, and/or interchannel 

cooperativity.43,44 In neurons, however, Slack channels can be activated by Na+ entry 
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through NaV channels,33 nonselective cation channels,45,46 or ionotropic receptors such 

as AMPA receptors,47,48 and changes in any of these pathways will also influence KNa 

currents. Thus, in addition to the increased intrinsic single-channel activity of Slack-R455H 
mutant channels,43 the increase in Na+ currents produced by the mutation in neurons 

provides another mechanism for increased KNa current.

The mechanism by which a GOF in Slack channels increases NaV channel expression has 

not yet been established. One hypothesis, however, is that Slack channel activity directly 

stimulates the translation of mRNAs encoding NaV subunits. The hypothesis is supported 

by a recent study showing that reducing the expression of the Kcnt1 gene by a Kcnt1 
antisense oligonucleotide has a therapeutic effect in mice with a mutation in the NaV1.6 

channel.49 The cytoplasmic C terminus of Slack channels binds FMRP and CYFIP1,38–40 

two established regulators of translation, and the channel coimmunoprecipitates mRNA 

targets of FMRP,38 one of which is mRNA for NaV1.6.50 Slack channels are required 

for changes in intrinsic excitability that require new protein synthesis39 and ongoing 

experiments have found that activation of WT Slack channels stimulates translation of 

β-actin, another FMRP target.51 Future studies clearly will be needed to test the hypothesis 

that Slack activation directly stimulates the synthesis of NaV subunits.

The change in the intrinsic excitability of both excitatory and inhibitory neurons produced 

by the GOF Slack mutation clearly results from increases in the level of both K+ and Na+ 

currents.52 An increase in K+ current alone can either increase or decrease excitability,5,53,54 

whereas an increase in Na+ current would normally be expected only to result in increased 

excitability. Paradoxically, we found that the excitability of excitatory neurons is enhanced 

by the Slack-R455H mutation but that of inhibitory interneurons is suppressed. Because Na+ 

currents are increased to a similar extent in both cell types, it is unlikely that this accounts 

for this difference, although we cannot rule out some contribution from different changes 

in NaV subunits. More significantly, however, the voltage dependence of the increased KNa 

current is different in GABAergic and glutamatergic neurons. It is known that increasing 

K+ currents that activate only at positive potentials increases excitability, whereas increasing 

those that activate at more negative potentials suppresses firing.53,54 Consistent with this, in 

GABAergic neurons, significant increases in KNa current are detected at more negative 

membrane potentials than in glutamatergic neurons, suggesting that the Slack-R455H 
mutation modifies the intrinsic excitability of GABAergic neurons near the resting potential, 

hyperpolarizing the neurons and reducing excitability.9,10,13,14 Conversely, in glutamatergic 

neurons of Slack-R455H, the increased KNa current activates selectively at higher membrane 

potentials such as those reached only during APs, shortening the APs and limiting Na+ 

channel inactivation. This effect of increased KNa currents to increase excitability has also 

been found in human induced pluripotent stem cell-derived neurons expressing another 

Slack channel mutation.5

There are two potential explanations for the opposite effects of increased KNa currents 

on the excitability of excitatory and inhibitory neurons. The first is that excitatory and 

inhibitory cortical neurons may express different splice isoforms of KCNT1 channel. The 

kinetic behaviors of Slack-A and Slack-B isoforms are very different.8 The Slack-A isoform 

activates and deactivates very rapidly with voltage. Such rapid activation during an AP is 
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known to increase the rate of repolarization and subsequent rapid AHP. In contrast, the 

Slack-B isoform activates more slowly and at more negative potentials.8 An increase in such 

a slowly activating K+ current at the resting membrane potential would increase the amount 

of current needed to evoke APs and reduce excitability. It is possible that excitatory neurons 

primarily express the rapidly activating Slack-A isoform, whereas inhibitory neurons express 

the slowly activating B splice isoform channels.

Independent of which splice isoform is expressed, a second factor that could determine 

whether increased KNa currents promote or suppress hyperexcitability is the proximity of 

the KNa channels to the source of Na+ influx. Patch-clamp recordings of clusters of KNa 

channels at the nodes of myelinated axons suggest that the increase in Na+ concentration 

during a single AP is sufficient to activate these channels.55 Rapid, transient, and very 

local activation of KNa channels by a large Na+ transient during an AP would be expected 

primarily to produce rapid and transient repolarization, enhancing excitability with little 

effect on resting membrane properties, as we observed for excitatory neurons (Figure 

3). In contrast, slower KNa activation by the accumulation of Na+ from an influx source 

remote from the KNa channel would be expected to influence resting membrane properties 

by decreasing input resistance and suppressing repetitive firing, as observed in inhibitory 

neurons (Figure 4).

Although the light-level immunocytochemistry we carried out on neurons from WT 

and mutant animals does not have the resolution to differentiate different degrees of 

colocalization or clustering of Slack channels with NaV channels at the molecular level, it 

revealed clear differences in the organization of the AIS in excitatory neurons and inhibitory 

neurons. The AIS plays a key role in regulating neuronal excitability,56,57 and previous 

work has indicated that the organization of the AIS is heterogeneous in cortical neurons.58 

Our studies on the frontal cortex found that the distance between the soma and the AIS is 

significantly longer in GABAergic interneurons than in pyramidal neurons. Because Slack 

staining is abundant at the soma, this provides another potential mechanism for differences 

in the activation of KNa channels in the two types of cells. Although we are not able to detect 

coimmunoprecipitation of Slack with any of the NaV subunits, which would support tight 

colocalization at the molecular level, our work is consistent with previous studies showing 

that NaV1.1, NaV1.2, and NaV1.6 have distinct cell type specificities and subcellular 

distributions. Specifically, NaV1.2 and NaV1.6 are highly expressed at the AIS and nodes of 

Ranvier of excitatory pyramidal neurons, whereas NaV1.1 is more associated with inhibitory 

interneurons.34–37 We also found that NaV1.2 and NaV1.6 are highly expressed at the AIS 

of cultured cortical neurons and that NaV1.1 is expressed at the AIS as well as at the 

soma and dendrites. Further studies of the chemical and spatial interactions between Slack 

channels and channels that provide Na+ influx will be required to resolve some of these 

issues and provide new therapeutic directions for the treatment of Slack-related epilepsies 

and intellectual disability.

Limitations of the study

To determine whether KCNT1 GOF mutations have a gene-dose-dependent effect on KNa 

current and excitability,52 we examined both heterozygous and homozygous neurons in 
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primary culture in this study. A limitation of our approach is that changes in neuronal 

connectivity and synaptic transmission were not evaluated. One aspect of seizures produced 

in humans with mutations in the KCNT1 gene is that unlike many other epilepsies, seizures 

initiated in one cortical locus do not generally spread laterally or cross the corpus collosum. 

Instead, they appear to occur randomly at different cortical loci. To address this aspect, 

further investigations involving both electrophysiological recordings and imaging in both 

cortical slices and, more important, in intact brains will be needed to determine whether the 

changes in intrinsic excitability that we have described result in anatomical and/or synaptic 

changes that impair long-range connections.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, Leonard K. Kaczmarek 

(leonard.kaczmarek@yale.edu).

Materials availability—The Slack+/R455H mouse line is available from the lead contact, 

Leonard K. Kaczmarek (leonard.kaczmarek@yale.edu), with a completed Materials Transfer 

Agreement.

Data and code availability

• The published article includes all datasets generated or analyzed during this 

study.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse strains—Slack+/R455H mice were generated in the C57BL/6J mouse strain 

using CRISPR/Cas9 via the Yale Genome Editing Center. The generation and 

basic characterization of this mouse model are available in our previous paper.19 

Heterozygous (WT/R455H, Slack+/R455H) mice were used as breeding pairs to 

obtain WT, heterozygous and homozygous (R455H/R455H, SlackR455H/R455H) embryos 

for study. Littermates were labeled and genotyped using gene-specific polymerase 

chain reaction (PCR) on DNA extracted from tail tissues with primers (Slack 
forward primer: 5′-ACAGCTGCGGTGAGTTCAGG-3′; Slack reverse primer: 5′-
GGGAAGGTTGTCCCAAAGGAGAGC-3′) with standard thermocycler amplification 

conditions. Following amplification, a restriction cut was performed with the enzyme 

TaqI-v2 (NEB, R0149S) to distinguish WT (196 and 112 bp products after cut), R455H 

heterozygous (112, 196, and 308 bp products) and homozygous (308 bp product) alleles. 

Whenever possible, investigators were blind to the genotype of the mice. GAD67-GFP mice 

were purchased from Jackson Laboratories (Bar Harbor, MA). For all experiments, male and 

female littermates were used for each genotype. All experiments were performed in accord 
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with the NIH Guidelines for the Care and Use of Laboratory Animals and approved by Yale 

University’s Institutional Animal Care and Use Committee (IACUC).

Primary cortical neuron culture—Primary cortical neurons were prepared from E16-17 

mouse embryos. After isolation of frontal cortex from embryonic brains, neurons were 

dissociated and seeded (on coverslips inside a 6 well plate: 0.2E6 cells/well) onto plates 

containing NB plus [Neurobasal medium supplemented with B27 (Invitrogen GIBCO Life 

Technologies), GlutaMAX (GIBCO), and penicillin/streptomycin (GIBCO)] and 5% FBS 

(GIBCO). After 2 h incubation, primary cultures were maintained in NB plus without FBS 

in a 5% CO2 and 20% O2 incubator at 37°C. Subsequently, half the medium was replaced 

every 2 days.

METHOD DETAILS

Immunofluorescence—For immunocytochemistry of primary cortical neurons on DIV 

14, coverslips were fixed in 4% paraformaldehyde for 10 min and permeabilized in 

blocking buffer (0.2% Triton X-100 and 3% normal goat serum in PBS) for 5 min 

at room temperature. For immunohistochemistry of cerebral cortex from two-month-old 

mice, mice were deeply anesthetized with ketamine before transcardial perfusion with 

ice-cold PBS, followed by ice-cold 4% paraformaldehyde (PFA) and 0.1% glutaraldehyde. 

Brains were immediately removed and sectioned into 100-μm coronal slices on a vibrating 

microtome (Leica) and post-fixed in 4% PFA overnight at 4°C. Brain slices were then 

permeabilized and incubated in blocking buffer for 1 h at room temperature. After blocking, 

sections from DIV 14 cortical neuronal cultures or two-month-old mice were overlaid with 

primary antibodies overnight at 4°C. Then, the corresponding Alexa Fluor 488-, 546- or 

647-conjugated secondary antibodies were applied. Stained sections were mounted with 

DAPI-containing mounting solution and sealed with glass coverslips.

Quantitation of axon initial segment (AIS) morphology—Confocal imaging was 

carried out on a Leica SP5 MP. For AIS analysis, three-dimensional z stack images were 

taken and stitched into tiles to cover the entirety of the neuron of interest. Z-stacks were then 

loaded in Leica LAS-X. AIS were defined as AnkG-labeled segments in primary cortical 

neurons and NaV1.6-labeled segments in brain slices, with clearly identifiable start and 

endpoints. AIS start point was defined as sharply increased AnkG/NaV1.6 signal closest to 

the soma. AIS endpoint was defined as reduced AnkG/NaV1.6 signal to the point where it 

could no longer be discerned from the background. AIS that had blunt ends were excluded, 

as this is likely an artifact of cutting through the AIS during sectioning. The AIS length 

measurement was performed by carefully tracing the shape of the AIS using segmented 

line tool in Leica LAS-X. To determine the distance from the soma to the AIS start 

point, the shortest possible distance between the neuronal soma (identified by DAPI or 

VGlut1/GAD67 staining) and the most proximal portion of the AIS (identified by AnkG/

NaV1.6 staining) was measured using the straight-line tool in Leica LAS-X.34,59,60 For the 

assessment of AIS morphology in primary cortical cultures, nine embryos or cultures were 

used for each genotype. Within each culture, three AISs of glutamatergic or GABAergic 

neurons were selected for analysis. For the assessment of AIS morphology in brain slices, 

three male mice, aged two months, were used for each genotype. In Layers II/III of the 
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frontal cortex, three AISs were analyzed per image, and three images were assessed per 

mouse. This resulted in a total of twenty-seven AISs being analyzed for each genotype and 

neuron type, both in vitro and in vivo.

Western blotting and Co-immunoprecipitation (Co-IP)—Protein lysates from DIV 

14 cortical neurons and two-month-old mice frontal cortex were prepared using Pierce IP 

Lysis Buffer (Thermo Scientific) supplemented with complete EDTA-free Protease Inhibitor 

Cocktail (Millipore Sigma) according to manufacturer’s protocol. Protein quantification was 

performed using Pierce BCA Protein Assay Kit (Thermo Scientific).

For Co-IP experiments, cerebral cortex lysates from WT mice were incubated with 5 mg 

anti-Slack IgY antibody or IgY control (AvesLabs) overnight at 4°C. 100 μL Anti-IgY 

PrecipHen beads (AvesLabs) was added to sample and allowed to incubate for 2 h, followed 

by wash and collection of beads. Beads were transferred to 2x Laemelli-Buffer with 5% 

beta-mercaptoethanol and incubated at room temperature for 30 min prior to western 

blotting.40

For all immunoblotting experiments, protein samples were electrophoretically separated on 

an SDS-PAGE gel (4%–15% gradient gel, Bio-Rad) and transferred onto PVDF membranes 

(0.2 μm pores, Bio-Rad, USA). Blots were blocked in 5% nonfat milk in Tris-buffered saline 

and Tween 20 (TBST) for 1 h at room temperature and probed with the primary antibody 

in 5% milk-TSBT overnight at 4°C. After overnight incubation, the blots were washed 

three times in TBST for 30 min, followed by incubation with corresponding horseradish 

peroxidase-conjugated secondary antibodies (1:1000; Abcam, UK) at room temperature for 

1 h. Protein bands were visualized via enhanced chemiluminescence and quantified with 

analyzed with ImageJ (NIH) software. Protein levels were normalized by GAPDH protein 

level followed by normalization to WT level.

Patch clamp recordings—Whole-cell patch-clamp recordings were performed with 

patch-clamp amplifiers (MultiClamp 700B; Molecular Devices) under the control of pClamp 

11 software (Molecular Devices). Data were recorded with a sampling rate at 20 kHz and 

filtered at 6 kHz. Rs compensation of 70% was used. Primary cortical neurons at DIV 

13–14 were recorded at physiological temperature (37°C). For voltage-clamp experiments 

to measure the KNa currents and TTX-sensitive K+ currents, recording electrodes were 

pulled from filamented borosilicate glass pipettes (Sutter Instrument, CA), and had tip 

resistances between 4 and 6 MΩ when filled with the following internal solution (in mM): 

124 K-gluconate, 2 MgCl2, 13.2 NaCl, 1 EGTA, 10 HEPES, 4 Mg-ATP, and 0.3 Na-GTP 

(pH 7.3, 290–300 mOsm). The extracellular medium contained the following (in mM): 

either 140 NaCl or 140 N-methyl-D-glucamine (NMDG), 5.4 KCl, 10 HEPES, 10 glucose, 1 

MgCl2, and 1 CaCl2 (pH 7.4, 310 mOsm). Neurons were held at −80 mV and given 60 ms 

voltage pulses in 10 mV steps over a range of −90 to +50 mV. The difference current over 

the 20 ms at the end of the voltage pulse was considered the steady state KNa current. To 

isolate the KNa currents, whole-cell voltage recordings were performed using physiological 

extracellular medium with 140 mM Na+ ions and without Na+ (140 mM NMDG). The 

traces obtained without Na+ were then subtracted from the traces obtained in the external 

Na+ medium.5 To isolate the TTX-sensitive K+ currents, current traces from the TTX (0.5 
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μM) solution were subtracted from the current traces obtained from the standard solution to 

obtain the difference current.13

For current-clamp experiments to measure firing properties, neurons were tested by 

injecting 200 ms square current pulses incrementing in 20 pA steps, starting at −20 

pA. Electrophysiological parameters, including AP amplitude, half-width, AHP, RMP, 

threshold, depolarization rate, repolarization rate, input resistance, and rheobase, was 

analyzed according to established protocols5,13 and using the Clampfit 11 inbuilt statistics 

measurements program. AP threshold was identified as the membrane potential at the 

inflection point during the rising phase, AP amplitude as the difference between the peak 

and threshold, and AHP as the difference between the AP threshold and the lowest Vm 

value within 50 ms. The AP half-width was measured as the width of the AP at half-

maximal amplitude. Maximum depolarization and repolarization rates were analyzed using 

the Clampfit 11 inbuilt statistics measurements program. Input resistance was calculated 

from the steady state of voltage responses to hyperpolarizing current steps. To compare the 

maximum number of action potentials (APs), 1.5 s square current pulses in 20 pA steps were 

injected until the APs per stimulus reached a plateau phase. Rheobase was defined as the 

minimum current needed to elicit an action potential (AP) during a 1.5 s current injection.

For voltage-clamp experiments to measure the persistent sodium currents (INaP), the 

extracellular medium contained the following (in mM): 140 NaCl, 5.4 KCl, 1 CaCl2,1 

MgCl2, 10 glucose, and 10 HEPES; 20 tetraethylammonium (TEA)-Cl, 5 CsCl, 0.1 CdCl2; 

pH was adjusted to 7.3 with CsOH. The intracellular solution contained the following (in 

mM): 135 CsF, 2 MgCl2, 4 NaCl, and 10 HEPES, at pH 7.3 adjusted with CsOH. For 

eliciting INaP, voltage ramps from −80 to +10 mV with a velocity of 30 mV/s were used. 

In each case, currents were recorded in the absence and in the presence of TTX (0.5 μM). 

To isolate the INaP, current traces from the TTX (0.5 μM) solution were subtracted from the 

current traces obtained from the standard solution to obtain the difference current.61,62

QUANTIFICATION AND STATISTICAL ANALYSIS

Normality and variance similarity were measured by GraphPad Prism before we applied 

any parametric tests. Two-tailed Student’s t test was used for single comparisons between 

two groups. Other data were analyzed using one-way or two-way ANOVA with Bonferroni 

correction (parametric) or Kruskal-Wallis with Dunn’s multi comparison correction (non-

parametric) depending on the appropriate design. Post hoc comparisons were carried out 

only when the primary measure showed statistical significance. All data were expressed 

as mean ± SEM, with statistical significance determined at p values <0.05. In details, 

*Indicates p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 in all figures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Slack GOF increases K+ currents and voltage-dependent Na+ (NaV) currents 

in cortical neurons

• Slack GOF enhances firing of excitability neurons but suppresses that of 

inhibitory neurons

• Slack GOF upregulates NaV channel expression and increases AIS length in 

cortical neurons

• Proximity of the AIS to the soma is different between excitatory and 

inhibitory neurons
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Figure 1. Slack channels are highly expressed in cortical glutamatergic and GABAergic neurons
(A) Immunostaining of Slack channels with GluR1 (biomarker for glutamatergic neurons), 

GAD67 (biomarker for GABAergic neurons), and MAP2 (biomarker for soma and 

dendrites) in cultured cortical neurons on DIV 14. Scale bar, 50 μm. The rightmost panels 

show live light microscopy images (400× magnification) of recorded cortical neurons.

(B) Immunostaining of Slack channels in cerebral cortex of 2-month-old WT mice. The top 

center panel shows distinct cortical layers identified based on previous studies.24,25 Scale 

bar, 50 μm.
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(C) Immunostaining of Slack channels with GluR1 and GAD67 in cerebral cortex of 2-

month-old WT mice. Scale bar, 50 μm.

(D) Representative western blotting and quantitative analysis of protein levels of Slack, 

GluR1, and GAD67 in cultured cortical neurons on DIV 14. Neuronal cultures were 

obtained from WT, heterozygous (WT/R455H, Slack+/R455H), and homozygous (R455H/

R455H, SlackR455H/R455H) littermates. Data are shown as mean ± SEM (n = 4 cultures; data 

are not significant by 1-way ANOVA).

(E) Representative western blotting and quantitative analysis of protein levels of Slack, 

GluR1, and GAD67 in cerebral cortex of 2-month-old WT and Slack+/R455H mice. Data are 

shown as mean ± SEM (n = 4 mice; not significant by Student’s t test).

See also Figure S1.
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Figure 2. KNa currents, INa and INaP are increased in both glutamatergic and GABAergic 
neurons expressing the Slack-R455H mutation
(A–C) Representative current traces from whole-cell voltage-clamp recordings in 

physiological extracellular medium with 140 mM Na+ ions (left) and without Na+ ions 

(right) in response to voltage steps (−90 to +50 mV) in WT (black), Slack+/R455H (blue), and 

SlackR455H/R455H (red) neurons. Summary data (bottom) show the KNa current, which was 

calculated by subtracting the trace obtained without Na+ from the trace with Na+, for each 

voltage step in glutamatergic neurons (A), FS-GABAergic neurons (B), or NFS-GABAergic 

neurons (C). Data are shown as mean ± SEM (n = 8–12 neurons, 2-way ANOVA).
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(D) Maximal KNa current density at +50 mV for each genotype and neuron type. Data are 

shown as mean ± SEM (n = 8–12 neurons, 1-way ANOVA).

(E) Maximal INa current density for each genotype and neuron type. Data are shown as mean 

± SEM (n = 8–12 neurons, 1-way ANOVA).

(F and I) INaP traces evoked by a slow voltage ramp protocol (30 mV/s from −80 to +10 

mV) in glutamatergic neurons (F) and GABAergic neurons (I) obtained from WT (black), 

Slack+/R455H (blue), and SlackR455H/R455H (red) embryos under control conditions and in 

the presence of 0.5 μM TTX (gray trace).

(G and J) Summary data show the INaP current, which was calculated by subtracting the 

trace obtained without TTX from the trace with TTX, at 5-mV intervals for each genotype in 

glutamatergic neurons (G) and GABAergic neurons (J). Data are shown as mean ± SEM (n = 

8–14 neurons, 2-way ANOVA).

(H and K) Maximal INaP density for each neuron type and genotype. Data are shown as 

mean ± SEM (n = 8–14 neurons, 1-way ANOVA). *p < 0.05; **p < 0.01; ***p < 0.001; 

****p < 0.0001.

See also Figure S1.
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Figure 3. The Slack-R455H mutation enhances the excitability of glutamatergic neurons
(A) Representative traces from whole-cell current-clamp recordings from glutamatergic 

neurons in response to current step injections from WT (black), Slack+/R455H (blue), and 

SlackR455H/R455H (red) littermates. To compare the electrophysiological properties, neurons 

were injected with 200-ms square current pulses in 20-pA step increments, starting at −20 

pA. To compare the maximum number of APs, 1.5-s square current pulses in 20-pA steps 

were injected until the number of APs per stimulus reached a plateau phase.
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(B–F) AP amplitude (B), AP half-width (C), AHP (D), rheobase (E), and input resistance 

(F) of recorded neurons from each genotype. Data are shown as mean ± SEM (n = 

15–20 neurons, 1-way ANOVA). (G and H) Example traces and summary data showing 

the frequency of APs per current injection step in WT (black), Slack+/R455H (blue), and 

SlackR455H/R455H (red) neurons. Data are shown as mean ± SEM (n = 15–20 neurons, 2-way 

ANOVA). (I) Maximal firing rate for each genotype. Data are shown as mean ± SEM (n = 

15–20 neurons, Kruskal-Wallis test). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Figure S2.
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Figure 4. The Slack-R455H mutation suppresses the excitability of FS-GABAergic and NFS-
GABAergic neurons
(A) Representative traces from whole-cell current-clamp recordings from FS-GABAergic 

neurons in response to current step injections from WT (black), Slack+/R455H (blue), and 

SlackR455H//R455H (red) littermates.

(B–F) AP amplitude (B), AP half-width (C), AHP (D), rheobase (E), and input resistance 

(F) of recorded neurons from each genotype. Data are shown as mean ± SEM (n = 12–18 

neurons, 1-way ANOVA).

Wu et al. Page 27

Cell Rep. Author manuscript; available in PMC 2024 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(G and H) Example traces and summary data showing the frequency of APs per current 

injection step in WT (black), Slack+/R455H (blue), and SlackR455H/R455H (red) neurons. Data 

are shown as mean ± SEM (n = 12–18 neurons, 2-way ANOVA).

(I) Maximal firing rate for each genotype. Data are shown as mean ± SEM (n = 12–18 

neurons, Kruskal-Wallis test).

(J) Representative traces from whole-cell current-clamp recordings from NFS-GABAergic 

neurons in response to current step injections from WT (black), Slack+/R455H (blue), and 

SlackR455H/R455H (red) littermates.

(K–O) AP amplitude (K), AP half-width (L), AHP (M), rheobase (N), and input resistance 

(O) of recorded neurons from each genotype. Data are shown as mean ± SEM (n = 13–17 

neurons, 1-way ANOVA).

(P and Q) Example traces and summary data showing the frequency of APs per current 

injection step in WT (black), Slack+/R455H (blue), and SlackR455H/R455H (red) neurons. Data 

are shown as mean ± SEM (n = 13–17 neurons, 2-way ANOVA).

(R) Maximal firing rate for each genotype. Data are shown as mean ± SEM (n = 13–17 

neurons, Kruskal-Wallis test). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Figure S2.
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Figure 5. The Slack-R455H mutation upregulates NaV channel subunit expression
(A) Representative western blotting and quantitative analysis of protein levels of NaV1.1, 

NaV1.2, and NaV1.6 in cultured cortical neurons on DIV 14 obtained from WT, Slack+/

R455H, and SlackR455H/R455H littermates. Data are shown as mean ± SEM (n = 4 cultures, 

1-way ANOVA).

(B) Representative western blotting and quantitative analysis of protein levels of NaV1.1, 

NaV1.2, and NaV1.6 in cerebral cortex of 2-month-old WT and Slack+/R455H mice. Data are 

shown as mean ± SEM (n = 4 mice, Student’s t test). *p < 0.05.
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Figure 6. Subcellular localizations of Slack and NaV1.6 channels
(A) Immunostaining of Slack and NaV1.6 with the dendrite (MAP2) and AIS (AnkG) 

markers in cultured cortical neurons on DIV 14. Glutamatergic and GABAergic neurons 

were differentiated according to their morphological features. Scale bar, 50 μm.

(B) Immunostaining of Slack and NaV1.6 with MAP2 and AnkG in cerebral cortex of 

2-month-old mice (top). Glutamatergic (center) and GABAergic (bottom) neurons were 

differentiated by coimmunostaining with VGlut1 and GAD67. Scale bar, 25 μm.

See also Figures S3 and S4.
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Figure 7. The Slack-R455H mutation alters the AIS length of both glutamatergic and GABAergic 
neurons
(A) Representative high-magnification images of a single neuron for quantification of the 

AIS length, AIS diameter, and gap length. Dashed line: AIS length; solid line: gap length. 

Scale bar, 10 μm.

(B) Representative images of single neurons and their AISs (green, AnkG) for cortical 

glutamatergic neurons (top) and GABAergic neurons (bottom) on DIV 14. Scale bar, 50 μm.

(C) Representative images of neurons and their AISs (green, NaV1.6 staining) for pyramidal 

cells (red, VGlut1) and interneurons (red, GAD67) from layer II/III of the frontal cortex of 

2-month-old mice. Scale bar, 25 μm.
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(D–F) Quantification of overall AIS length (D), AIS diameter (E), and gap length (F) in 

excitatory glutamatergic neurons (yellow) and inhibitory GABAergic neurons (green). Data 

are shown as mean ± SEM (n = 27 AISs, 1-way ANOVA for different genotypes within 

each neuron type and Student’s t test for different neuron types within each genotype). Each 

symbol represents an individual AIS.

(G–I) Quantification of overall AIS length (G), AIS diameter (H), and gap length (I) in 

excitatory pyramidal (yellow) and interneuron (green) populations. Data are shown as mean 

± SEM (n = 27 AISs, Student’s t test). Each symbol represents an individual AIS.

(J and K) Representative western blotting and quantitative analysis of protein levels of AnkG 

and MAP2 in cultured cortical neurons on DIV 14 (J, n = 4 cultures, 1-way ANOVA) and in 

cerebral cortex of 2-month-old mice (K, n = 4 mice, Student’s t test).

(L) Coimmunoprecipitation of Slack and NaV channels from mouse cerebral cortex. 

Brain lysates were subjected to immunoprecipitation using anti-Slack antibody or chicken 

immunoglobulin Y, followed by western blotting with Slack, FMRP, PP1, NaV1.1, NaV1.2, 

and NaV1.6 antibodies. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S4.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-KCNT1 (Slack, N3/26) Neuromab Cat# 75-051; RRID:AB_2131855

Rabbit anti-KCNT1 (Slack) Alomone Labs Cat# APC-124; RRID:AB_10557314

Chicken anti-KCNT1 AvesLabs N/A

Rabbit anti-SCN1A (NaV1.1) Alomone Labs Cat# ASC-001; RRID:AB_2040003

Rabbit anti-SCN2A (NaV1.2) Alomone Labs Cat# ASC-002; RRID:AB_2040005

Rabbit anti-SCN8A (NaV1.6) Alomone Labs Cat# ASC-009; RRID:AB_2040202

Rabbit anti-GAD67 Abcam Cat# ab213508; RRID:AB_3076590

Mouse anti-GAD67 (OTI3G9) Thermo Fisher Scientific Cat# MA524909; RRID:AB_2723202

Rabbit anti-GluR1 MilliporeSigma Cat# AB1504; RRID:AB_2113602

Mouse anti-vGLUT1 (CL2754) Thermo Fisher Scientific Cat# MA531373; RRID:AB_2787010

Mouse anti-MAP2 Santa Cruz Biotechnology Cat# SC-32791; RRID:AB_627948

Mouse anti-Ankyrin G (4G3F8) Thermo Fisher Scientific Cat# 33-8800; RRID:AB_2533145

Rabbit anti-FMRP Abcam Cat# ab17722; RRID:AB_2278530

Mouse anti-PP1(E–9) Santa Cruz Biotechnology Cat# SC-7482; RRID:AB_628177

Mouse anti-GAPDH Santa Cruz Biotechnology Cat# SC-32233; RRID:AB_627679

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 488

Thermo Fisher Scientific Cat# A11029; RRID:AB_2534088

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 488

Thermo Fisher Scientific Cat# A-11008; RRID:AB_143165

Goat anti-Chicken IgG (H + L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 488

Thermo Fisher Scientific Cat# A11039; RRID:AB_2534096

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 546

Thermo Fisher Scientific Cat# A11030; RRID:AB_2534089

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ Plus 647

Thermo Fisher Scientific Cat# A32733; RRID:AB_2633282

Chemicals, peptides, and recombinant proteins

HotStarTaq Plus Master Mix Kit (250) QIAGEN Cat# 203643

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23225

PrecipHen® Immunoprecipitation Reagent AvesLabs Cat# P-1010

Tetraethylammonium (TEA)-Cl Sigma-Aldrich Cat# 86614

Tetrodotoxin (TTX) Alomone Labs Cat# 18660-81-6

Critical commercial assays

TaqI-v2 New England Biolabs Cat# R0149S

Poly-L-Lysine Solution (0.01%) EMD Millipore Cat# A-005-C

Fetal bovine serum GE Healthcare Cat# SH3008803

Neurobasal™ Medium GIBCO Cat# 21103049

Penicillin/Streptomycin GIBCO Cat# 15140-122

0.5% Trypsin-EDTA GIBCO Cat# 25300-054
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REAGENT or RESOURCE SOURCE IDENTIFIER

GlutaMAX GIBCO Cat# 35050-061

B27 supplement GIBCO Cat# 17504-044

Experimental models: Cell lines

Primary cortical neurons This paper N/A

Experimental models: Organisms/strains

Mouse: Slack+/R455H This paper N/A

Mouse: C57BL/6J The Jackson Laboratory Cat# JAX:000664; 
RRID:IMSR_JAX:000664

Mouse: GAD67-GFP (G42 line) The Jackson Laboratory Strain # 007677; 
RRID:IMSR_JAX:007677

Oligonucleotides

Primer: Slack Forward:
5′-ACAGCTGCGGTGAGTTCAGG-3′

This paper N/A

Primer: Slack Reverse:
5′-GGGAAGGTTGTCCCAAAGGAGAGC-3′ This paper N/A

Software and algorithms

pCLAMP Clampex Software Molecular Devices https://www.moleculardevices.com/
products/axon-patch-clamp-system

LAS X Life Science Microscope Software Leica Microsystems
https://www.leica-microsystems.com/
products/microscope-software/p/leica-las-
x-ls/

ImageJ (Fiji) Eliceiri/LOCI group https://fiji.sc/

GraphPad Prism version 8.0.0 for Windows GraphPad Software https://www.graphpad.com/

Other

Axon MultiClamp 700B Microelectrode Amplifier Molecular Devices N/A

Axon Digidata 1550B Plus HumSilencer Molecular Devices Digidata 1550B4
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